The uterus is an indispensable organ for the development of a new life in eutherian mammals. The female mammalian reproductive capacity diminishes with age. In this respect, the senescence of uterine endometrium is convinced to contribute to this failure. This review focuses on the physiological function of the uterus and the related influence of aging mainly in rodent models. A better understanding of the underlying mechanisms governing the process of uterine aging is hoped to generate new strategies to prolong the reproductive lifespan in humans. . More importantly, this phenomenon of continuous decline of fecundity with age has also been confirmed in women over 35 years old [10] [11] [12] . The success of reproduction in eutherian mammals requires the uterus, a unique organ in the viviparity compared to other organisms ensuring full development of the new life in the maternal body [13] . The endometrial environment of uteri is proved to be one of the critical aspects to determine the reproductive capacity [14] and uterine factor has been proved to be critical for the decline of fecundity in both rodents and humans [4, 15] . Most of the available information on uterine aging derives from studies on rats and mice [16] . In these species, life span is short and aging animal model can be easily established. This review focuses on the physiological function of the uterus and the related influence of aging mainly in rodent models.
In mammals, the female reproductive capacity diminishes with age. A progressive decrease of litter size has been described in polytocous animals, such as rats [1] [2] [3] , mice [4] [5] [6] [7] , golden hamsters [8] , and rabbits [9] . More importantly, this phenomenon of continuous decline of fecundity with age has also been confirmed in women over 35 years old [10] [11] [12] . The success of reproduction in eutherian mammals requires the uterus, a unique organ in the viviparity compared to other organisms ensuring full development of the new life in the maternal body [13] . The endometrial environment of uteri is proved to be one of the critical aspects to determine the reproductive capacity [14] and uterine factor has been proved to be critical for the decline of fecundity in both rodents and humans [4, 15] . Most of the available information on uterine aging derives from studies on rats and mice [16] . In these species, life span is short and aging animal model can be easily established. This review focuses on the physiological function of the uterus and the related influence of aging mainly in rodent models.
Uterine physiological role in normal reproductive events
In females, the Müllerian ducts develop into the reproductive tract, including the oviduct and uterus [17] . In mice, the uterus is evident at E16.5 and in humans between the 9th and 12th weeks of pregnancy [18] . In mice, the gestation length is about 20 d when counted from the day of vaginal plug formation (day 1). The main biological events occurred within the uteri are embryo implantation, decidualization, placentation and labor [19] [20] [21] , which mainly under the influence of ovarian progesterone and estrogen [22] . A preovulatory estrogen surge induces remarkable proliferation of uterine epithelial cells on day 1 [23, 24] , while rising levels of progesterone together with preimplantation estrogen secreted on the morning of day 4 induce stromal cell proliferation to establish an optimal milieu for blastocyst attach-ment to the uterine lining [25] . The initiation of implantation in mice is characterized by a localized increase in uterine vascular permeability at the site of the blastocyst attachment, which occurs in the midnight of day 4 of pregnancy and can be visible by intravenous injection of Chicago blue dye (blue reaction) [20] . Coincidently, stromal cells immediately surrounding the implanting blastocyst undergo extensive proliferation and subsequently differentiate into specialized cells that are polyploidy, and this process is known as decidualization [26] . This extensive cell proliferation and polyploidy event occurs in a well-organized manner. It firstly takes place at the antimesometrial side around the embryo on day 6, which is defined as primary decidual zone (PDZ) and then extends to the stromal cells next to the PDZ forming a fully developed zone around the PDZ, termed the secondary decidual zone (SDZ) [27] . This living embryo induced decidualization can also be mimicked by the application of artificial stimuli to a receptive pseudopregnant uterus, or one that has been appropriately primed by ovarian steroids, though not totally identical [28] . Although the decidua is a transient tissue, decidual cells are critical regulators of uterine remodeling, maternal immune response, uterine angiogenesis and early embryonic growth, which are critical for the transition to the formation of a functional placenta. From the mid-gestation, the embryos obtain nutrients essential for growth from the placenta vasculature, and the maternal vessel changes its characteristic benefit for sufficient mutual exchange of the nutrition and waste. The maternal endothelial cells are replaced by the trophoblast cell types at the maternal-fetal interface and the uterine radial arteries are modified by the invasion trophoblast cell to supply adequate maternal blood flow to the implantation site [29] . Parturition is the culmination of mammalian reproduction, which is a task essential for survival of the species and facilitated by the myometrial contractility. During the pregnancy, the uterine quiescence is maintained through a sustained high level of progesterone [30] . Prior to the labor, a decrease in progesterone levels or functional progesterone withdrawal synergizes with other contractile mediators to disrupt the myometrial relaxation resulting in efficient expulsion of the fetus [31] .
Uterine aging contributes to decreased reproductive capacity
According to reproductive output, previous studies have delineated three stages in the reproductive lifespan of experimental rodents: (i) the period of maximum litter size, called the plateau period, which lasts for about 7 months; (ii) the period of declining litter size from approximately 8-15 months, and (iii) the stage of cessation of reproductive output [4, 7] . The first point to be considered is the extent to which the reproductive decline is due to the failure of aging uteri to maintain the embryo. The evidence has come mostly from the examination of the uteri of old and middle-aged pregnant mice.
Recording the size of litter born to female mice caged continuously with a male, it has been proved that the litter size dropped significantly until to about two in the last litter. Then the female mice would not give birth any more though they were still left with the male. After the uteri of these mice were examined, placental or embryonic remains were found in some individual. Most importantly, counts of corpora lutea showed the normal released eggs at each ovulation near the time of death. This suggested that embryos were implanted but not being maintaining to term. Examination of the uteri of pregnant mice during the phase of declining litter size also showed increased number of regressing implantations [7, 32] . It appeared that there is some failure of the uterus to support the growth of new life. However the possibility of a fault in the blastocyst, which may lead to poor postimplantation development, cannot be ruled out in these experimental designs. This point has been investigated by reciprocal embryo transfer between young and old animals [33, 34] . It was found that the ova from old mice did as well as these from the young, and ova from the young mice cannot survival well in the uteri of the aging mice. These experiments support the uterine origin of the decreased reproductive capacity.
Another approach to address this issue is the transplantation of whole ovaries from the young mice to the old and vice versa [35, 36] . Ovaries from the young mice failed to restore the reproductive output of the old mice, though the oestrous cycles reappeared. At the same time in the situation of ovaries from the old mice transplanted to the young ones, there was still almost no pregnancy success. This indicated that both the ovary and the uterus contribute to reproductive cessation in the old female, although the evidence suggested that it is the uterus which is primarily responsible, especially in the early phase of reproductive decline.
The situation in human is more complicated [37] , much debate exists whether ovarian or uterine factors are primarily responsible for the age-related decline in fertility. The IVF and donor egg programs has provided a more direct means of investigating the relative contribution of the uterus and oocyte to human reproductive senescence. These researches convinced the importance of uterine factors [38] , though the oocyte quality is the primary determinant [39] [40] [41] . All female mammals are born with a limited follicle pool [42] , which will support the reproductive lifespan of the individual. In old women, the decline in fertility is followed by the menopause, which is caused by exhaust of ova in the ovaries about two thirds of the way through life [43, 44] , whereas the cessation of reproductive activity in other female mammals is due to failure of the uterus, whilst the ovary still has available ova. Autopsy of very old female mouse reveals the presence of ova, although the number drops obviously as the female gets older, so the number of ova at birth is sufficient to last through the lifetime in mice [45] . Unlike other mammals, women use up all their ova by atresia and ovulation by the time they have reached middle age [44] . This is due to that the loss of ovarian follicles with advancing age is bi-exponential [46] , with an accelerated rate of decline beginning (on average) in the latter half of the fourth decade of life [42, 47] (Table 1) . Interestingly, if the initial rate of follicular atresia were to be sustained (i.e., no acceleration phase), it is estimated menopause would not be reached until the mid-70s [44] . Therefore, in human it is the ovary factor that mainly determines the reproduction aging, while the uterus also contributes to the decline of the reproduction in older females, as the implantation efficiency in older women is lower than that in young women and that increased maternal age is a risk factor for pregnancy-associated complications, including preterm birth and preeclampsia [15, 48] .
Altered hormonal profile during aging
The uterus is mainly under the influence of ovarian steroid hormones [20] , and the age-related modification of uteri reflects the change of ovarian function and levels of the progesterone and estrogen. From the middle age, the menstrual cycles of women and the estrous cycles of rodents begin to irregular. In rats, irregular cycles begin in 10-12 months old and the incidence of abnormal cycles increases with age [49] . As the rats grow old, they would be in a state of either constant estrus, characterized by mature ovarian follicles, high serum levels of estradiol, and an "estrogenized" uterus, or "pseudopregnancy," characterized by the presence of many corpora lutea and a well-developed "secretary" uterus.
The 24-month-old rats in constant estrus have an increase in uterine weight, largely due to increased luminal fluid, while uterine epithelium is columnar, and stroma and myometrium are thicker with an increase in collagen fibrils, owing to a sustained stimulation of estrogen. Uteri of older rats (30 months) in persistent diestrus appear to be progesterone stimulated, exhibiting cuboidal epithelium and some spontaneous decidual cells in the stroma [50] . Eventually the old rats become anestrus. The ovaries and uterus are atrophic, no mature follicles are present, and the uterus resembles that from an ovariectomized or immature rat, which resulted from low circulation level of steroid hormone [51] . Despite that the hormone profile changes account for the uterine abnormality, the senescing endometrium does not respond to ovarian hormones as well as that in young animals [52] .
Histological characteristics of aging uteri
The most notable change in the aging uterus was a dramatic increase in uterine collagen [16, 53, 54] . This collagen deposition in aging mice was stimulated by estrogen [55] . By contrast, the reduction in collagen and the loss of endometrial collagen during pregnancy in multiparous animals could be attributed to high levels of progesterone [56] . In rats, the total amount of uterine collagen did not increase in these young animals after estrogen stimulation, though the collagen synthesis in the uterus was induced, indicating that the collagen degradation was also active. The distribution of this collagen deposition was mainly in endometrial stroma and smooth muscle [57] . Previous studies have confirmed the increased fibrosis with age in the uterus of the rats [50] , mice [58] and rabbits [59] . There was an age-related increase in the number of mast cells in the uterus, which was known to be associated with fibrotic processes [60] . Although the uterus of most rodent species increases in size with age, in postmenopausal women the uterus atrophies as ovarian steroid hormones diminishes [61] .
The two functional layer, epithelium and stroma, exhibit cellular morphological change in old mice, contributing to the decreased pregnancy success. In the uterus, the blastocysts firstly connect with the epithelium to establish intimate relationship with the maternal tissue, and this process is called attachment. During the normal implantation, the uterine lumen and associated epithelial cell morphology are dynamically altered [62] . The uterine lumen changes from being irregular and branched in cross-section to slit-like, with which surface microvilli lose their tall, regular profiles to become shorter and more irregular in shape [63] . At the time of implantation, the lateral epithelial surface are closely apposed that the intercellular distance is about 15 nm, so that uterine lumen is closed [14] . When the uteri are fixed in Bouin's fluid, the apposed luminal surfaces are pulled apart and the epithelial surface has a corrugated appearance. This Follicle attrition each cycle Bi-exponentially changed, before 37, follicles decline at a steady rate; after 37, decline at an accelerated rate until menopause [44] With a constant rate, about 1000 each cycle [40, 45] Reproductive span ~30 years ~12 months Menopause ~50 N/A a) a) N/A, not applicable.
closure can be preserved in glutaraldehyde fixation. This closure is due to a change in the adhesiveness property of the epithelial surface, which can be regulated by the estrogen [64] . However, in the old mice, these changes have some abnormal performance. First, the orientation of lumen was not usually as well organized as in the young animals; second, there was little evidence of corrugation in the epithelial surfaces [65] , which further proved that the lumen is open in old mice fixed by the glutaraldehyde fixation. The same situation was noted in the old rat [66] . In senescing golden hamsters, both closure and implantation were deferred by approximately 12 h and luminal closure was found only around the implanting embryos [67] . Where embryos were not present, the lumen remained open and branched and luminal epithelial cells had tall, regular microvilli which did not contact microvilli from the opposing epithelial border. Some other cell organelles are also detected to be different in the young versus old animals. Rough endoplasmic reticulum was less extensive in tissue from older rats and appeared as short fragments compared to the extended network found in tissue from the young animals, although free ribosomes and polysomes were extremely dense in some areas of the older tissue. Golgi cisternae were sometimes dilated in older animals but were in general similar to those seen in young rats. Secondary lysosomes, with contents of variable electron density, were often increased in the older animals [16] . The stroma cells, which need to be differentiated to decidual cells, also had different appearances between the young and old animals. There was an increase in lipofuscin deposits in the cytoplasm of some aged stromal cells as well as an increase in the amount of collagen and in the number of lymphocytes, plasma cells, and macrophages [66] . The collagen was the most obvious difference. The density of collagen fibrils increased with age, especially in the basal areas of the endometrium, where the degree of cellularity was markedly diminished and collagen bundles formed large, closely packed aggregates. The majority of fibrils measured was between 35 and 60 nm in diameter, and loosely arranged in the subluminal areas and more aggregated deeper into the tissue [16] .
Functional defects in senescing endometrium
During the implantation, the sensitive uteri can accept the competent blastocyst, which involves the crosstalk between the trophectoderm and uterine epithelium. The epithelium will transduce the message to the underneath stroma to initiate the decidualization process [68] . As mentioned above, the uterine epithelium in old rodent has abnormal appearance during the uterine preparation to enter the receptivity, thus will fail to send the message properly and the decidualization will not form as well as in young animals [69, 70] . With the progression of pregnancy in old animals, more embryos were resorbed, reinforcing that there is something wrong within the uterine decidua.
The decidual stimulus by the blastocyst can be mimicked artificially either by crushing the uterus with forceps or by intraluminal oil injection [71] . No decidual reaction was frequently observed in elder mice after oil injection, whereas the young ones responded. The animals in which the uteri were crushed can respond positively, but the size was smaller in the old animals [71] . A decrease in the response has also been described in aging rodents as assessed by other parameters, including weight increase, the histological appearance, alkaline phosphatase activity, and amounts of DNA, protein, and glycogen [58,66,7175] . Remodeling of the extracellular matrix during decidualization appeared to be a requirement and function of decidual cells in human and rodent uteri [76] . The abnormally deposited extracellular matrix, such as collagen, appeared to prevent the formation of extensive junctional complexes and interdigitation, which may impair the stromal-decidual transformation and subsequent placental development [16] .
Using a uterine endometrium specific senescence mouse model with uterine selective deletion of p53 [77] , previous studies have showed senescence-associated growth restriction and preterm labor caused by increased levels of phosphorylated Akt and p21 in the knockout decidual tissue [78, 79] . This senescence program of the p53 knockout decidual tissue would lead to increased levels of COX2-derived PGs, which affected the contractility of the uterus directly (Figure 1) , not through the indirect luteolysis. Preterm birth has been a global health concern for far too long and the etiology is multifactorial. These risk factors are known to contribute to the cellular senescence process and the genetic evidence proved that p53's downstream, mammalian target of rapamycin complex 1 (mTORC1) signaling plays a key role in uterine senescence and the timing of birth [80] . As aging is a cause of cellular senescence [81, 82] , and decidual senescence is proved to be associated with premature delivery [79] , it is conceivable that uterine senescence imposed by maternal aging carries an increased risk for problematic parturition. In humans, the epidemiologic study indicates that increased maternal age is correlated with preterm delivery [15, 83, 84] , and women of higher maternal age, who use assisted reproductive technologies to achieve pregnancy, may experience a higher incidence of preterm birth even when receiving oocytes from young donors [85, 86] .
Summary
Previous studies from a variety of animal models have revealed the uterine factor contributed to the poor pregnancy success in old individuals. In old animals, the abnormality of uteri is caused by the ovarian hormone profile change and cell automatic defect accompanied with the senescence. Aging uterus has significant morphological change, consequently hampering many physiological pregnancy events, like the decidualization and labor onset. Therefore, the senescence research about the uterus should be paid more attention to increase the reproductive quality. Although ovarian functions, such as ovulation and hormone secretion, are assumed to be altered with aging and one cause of decreased fecundity in humans [48] , there has been less investigative focus on uterine aging and its consequences for fertility in humans, so uterine senescence warrants further investigation. 
